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SPECIFICATION 

Electronic Version 1.2.8 
Stylesheet Version 1 .0 

GENERATION OF REFINED 
SWITCHING WINDOWS IN STATIC 
TIMING ANALYSIS 

Background of the Invention 
[0001 ] Field of the Invention 

[0002] The present invention generally relates to circuit timing analysis and more 
particularly to an improved circuit timing analysis that reduces delay pessimism 
by using multiple switching windows. 

[0003] Description of the Related Art 

[0004] During the design phase of electronic signal processing equipment, such as 
integrated circuit chips, the timing at which different signals pass through 
various portions of the . device must be studied to ensure that the device 
operates as planned. For example, it is important to analyze the design of the 
device so as to make sure the flow of signals reach their destination at the 
proper time. This is necessary to maintain the proper logical operations of the 
electronic device. In addition, the circuit designer needs to account for (and if 
possible to avoid) situations where concurrent signal transitions occur on closely 
spaced electrical wires, because such a situation could delay the transmission of 
the signals along their respective wires as a result of the unavoidable capacitive 
coupling between such closely spaced wires. 
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[0005] As the number of logical devices within each integrated circuit chip 

increases, the number of signal paths which may lead to a specific logical device 
("fan-in") and the number of signal paths to which a specific logic of device may 
pass a signal ("fan-out") increases exponentially. In order to maintain the timing 
of the various signals within the boundaries prescribed by the circuit designer 
and to identify situations in which concurrent signal transitions occur on closely 
spaced wires, conventional timing analysis systems create a logical "window" in 
which a signal can be expected to arrive at a given logical device given the fan- 
in to that device. This window increases as the size and complexity of the fan-in 
leading to the logical device increases. 

[0006] Conventional static timing analysis operates on a timing graph representing 
an abstraction of the logic network within an integrated circuit. The abstraction 
consists of nodes at which arrival times (ATs), required arrival times (RATs), 
and/or slews are computed, and directed delay edges on which delays 
connecting these nodes are computed. Normally both early mode and late mode 
values are computed, and test edges may be present in the delay graph 
representing ordering requirements between the early and late mode ATs on the 
pair of nodes connected by the test edge. 

[0007] The times (ATs and RATs) computed by static timing analysis are normally 

made with respect to some specific time within a repeating clock cycle. The early 
mode AT represents the earliest that the signal at the node can change from the 
stable value which it held during the previous clock cycle and its value at a node 
is computed as the minimum over all incoming delay edges of the early mode 
AT at the source of the delay edge plus the early mode delay associated with 
that delay edge. The late mode AT represents the latest that the signal at the 
node can take on its final stable value during the current clock cycle and its 
value at a node is computed as the maximum over all incoming delay edges of 
the late mode AT at the source of the delay edge plus the late mode delay 
associated with that delay edge. Thus the "window" from the early mode AT to 
the late mode AT represents the period during which the signal at the node may 
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be switching. Note that if many paths converge on the node, the signal at the 
node may switch many times during this window, it may switch only once, or not 
at all. 

[0008] In analysis of the effects of signal coupling on delay and noise and in the 
analysis of peak current demand for power bus analysis, it is important to 
understand the times during which a signal can switch. To determine the effects 
of coupling on delay of a first wire, one must determine whether a neighboring 
wire is switching at the same time as a transition of interest is occurring in the 
first wire. To determine whether coupling to a first wire of the effects of a 
transition on an adjacent wire could cause an erroneous data to be imposed on 
the first wire and thus cause the circuit to produce incorrect results, it is 
important to understand the periods during which the results of erroneous 
values on the first wire could be saved into memory elements, and then to 
determine whether or not the adjacent wire may be switching during these 
periods. The time of occurrence of a transition of interest on a first wire for 
delay analysis, or the period during which noise coupled onto a first wire could 
cause erroneous results to be latched into some memory element for noise 
analysis, are referred to as the victim windows of the first wire for the respective 
analyses. In determining peak current demand, one must determine all of the 
signals within a region of interest which could be switching at a particular time, 
and must therefore determine the possible switching windows for each signal. 
The smaller these switching windows can be made, the less pessimistic are these 
analyses. However, conventional analysis only provides a single window for the 
static timing analysis. This requires that the window be unnecessarily large (e.g., 
overly pessimistic) to accommodate all possible timing situations. The invention 
discussed in detail below reduces the size of the window by using multiple 
windows. Therefore, the invention is less pessimistic than conventional systems 
because the smaller windows used with the invention result in a smaller number 
of possible simultaneous switching situations, thereby allowing more circuit 
designs to be found acceptable than the conventional systems that are more 
pessimistic and would reject more circuit designs. In the following description, 
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the arrival, existence, or presence of a signal on a wire or net at a particular time 
or within a particular time window will be understood to mean the occurrence of 
a transition on that wire or net at that time or during that time window. 

Summary of the Invention 

[0009] In view of the foregoing and other problems, disadvantages, and drawbacks 
of the conventional circuit timing analysis the present invention has been 
devised, and it is an object of the present invention to provide a structure and 
method for an improved circuit timing analysis. 

[001 0] In order to attain the object(s) suggested above, there is provided, according 
to one aspect of the invention, a method of determining timing windows in a 
static timing analysis of an integrated circuit design. The method determines, 
for at least one node in the integrated circuit design, an initial set of sub- 
windows and merges the sub-windows of the initial set into a final set of sub- 
windows. The merging process merges overlapping sub- windows. The 
invention further determines, for the at least one node, a maximum number of 
sub-windows. The merging process finds a set of largest intervals between the 
sub-windows of the initial set, the number of intervals in the set being less than 
or equal to one less than the maximum number of sub-windows and combines 
sub-windows separated by intervals not in the set of largest intervals. The 
method may perform an initial static timing analysis to produce a maximum 
window for the at least one node such that the maximum number of sub- 
windows is based on the size of the maximum window. The sub-windows are 
based on an equal division of the maximum window. The maximum window 
extends from a beginning of an earliest input signal to the node to an ending of 
latest input to the node. Each sub-window of the initial set of sub-windows 
extends an earliest beginning of a first input to the node to a latest ending of 
the first input. One set of timing windows are signal switching windows and 
computation of the windows is performed in a direction in which signals travel 
through the integrated circuit. Another set of timing windows are victim 
windows and the computation of the windows is performed in a direction 
opposite to that in which signals travel through the integrated circuit.The 
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invention determines whether an adjacent aggressor net may switch during a 
victim window of a victim net in a static timing analysis of an integrated circuit 
design. The invention checks for overlap between the victim window and a 
switching window of the aggressor net and then translates the victim net to a 
context of each input of the aggressor net, if the checking step identified an 
overlap. Next, the invention repeats the checking process for each input and 
translated victim window and determines that the aggressor net may switch 
during the victim window only if the checking step found an overlap and at least 
one of the repeating steps determined that the input could switch during the 
translated victim window. The repeating step is repeated only for a limited 
number of levels. Each input is an aggressor sub-window, each relating to one 
input. The repeating process checks for overlap between each the aggressor 
sub-window and a related translated victim window. If the checking step 
identified an overlap, the invention determines an initial set of aggressor sub- 
windows and merges the aggressor sub-windows of the initial set into a final set 
of aggressor sub-windows. The repeating process checks for overlap between 
the translated victim window and each of the final set of aggressor sub- 
windows. The aggressor window determination is performed in a direction in 
which signals travel through the integrated circuit. The translated victim window 
determination is performed in a direction opposite that in which signals travel 
through the integrated circuit. 

[00 11 ] The invention provides improved switching windows for nets in a circuit 

which can be used in delay calculation, noise analysis, power bus analysis, and 
other applications, and which cover a smaller portion of the machine cycle and 
are thus less pessimistic than conventional single window analysis in that they 
identify a smaller cumulative period of time during which a net could be 
switching. At the same time, the invention provides means to control the 
runtime and memory required to compute these improved switching windows. 
These improved switching windows in turn allow less pessimistic analysis of the 
timing of the circuit, the noise impacts of coupling, and the peak current 
demand required by the circuit. This allows designers to accept designs which 
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would otherwise be rejected as not meeting requirements, and allows circuit 
requirements to be met with less overdesign in the form of logic restructuring, 
wire spacing, increased gate sizes, and other means, hence providing a working 
circuit at less expense. 
Brief Description of the Drawings 
[001 2] The foregoing and other objects, aspects and advantages will be better 

understood from the following detailed description of a preferred embodiment 
(s) of the invention with reference to the drawings, in which: 

[0013] Figure 1 is a schematic diagram of a circuit upon which a timing analysis is 
performed; 

[001 4] Figure 2 is a schematic timing diagram illustrating various windows during 
which the signals within the circuit shown in Figure 1 may be switching; 

[001 5] Figure 3 is a schematic timing diagram illustrating the use of multiple 
windows and the reduced pessimism achieved with the invention; 

[001 6] Figure 4 is a schematic diagram of a circuit that is analyzed by a timing 
analysis; 

[001 7] Figure 5 is a schematic timing diagram illustrating the use of backward 
victim window propagation using multiple windows; 

[001 8] Figure 6 is a flow diagram illustrating a preferred method of the invention; 

[001 9] Figure 7 is a flow diagram illustrating a preferred method of the invention; 

[0020] Figure 8 is a system hardware illustration; 

[0021 ] Figure 9 is a schematic diagram illustrating switching windows for each 
window division; 

[0022] Figure 1 0 is a schematic diagram illustrating a circuit for switching 
probabilities computed in switching subwindows; and 
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[0023] Figure 11 is a timing diagram showing the operation of the invention. 

Detailed Description f Preferred Embodiments of the Invention 

[0024] As mentioned above, the invention reduces the size of the signal switching 
window in a conventional circuit timing analysis by using multiple windows (or 
sub-windows). Therefore, the invention is less pessimistic than conventional 
systems because the smaller windows will result in a smaller number of possible 
simultaneous switching situations, thereby allowing more circuit designs to be 
found acceptable than the conventional systems (that are more pessimistic and 
that reject more circuit designs). 

[0025] As discussed above, the switching window from early mode AT to late mode 
AT is sometimes pessimistic. Consider a two-input gate with a first input having 
an early mode AT of 0 ns. and a late mode AT of 50 ns, and with a second input 
having an early mode AT of 300 ns and a late mode AT of 350 ns. Conventional 
analysis (assuming zero gate delay for simplicity) would define a switching 
window from 0 ns to 350 ns for the gate output. But in reality no switching can 
occur between 50 ns and 300 ns. Thus, an analysis based on this larger window 
is pessimistic. 

[0026] The switching window from early mode AT to late mode AT is shown as 

being pessimistic in Figure 2. More specifically, Figure 1 illustrates a simplified 
circuit that includes logic devices 1 00-1 02 that have inputs a-f and outputs x- 
z f and an adjacent wire v (of a different net). The logic devices x-z could be any 
form of logic device such as AND, OR, NAND, NOR, etc. circuits. Figure 2 is a 
timing diagram illustrating time along the lower axis. The shaded areas illustrate 
time periods during which signals can be expected to exist on the various inputs 
a- f and outputs x-z and the period during which a critical transition might 
occur on adjacent wire v. Figure 1 shows a simplified example, where it is 
presumed that the logic devices 1 00-1 02 do not produce any delay. As would 
be known by one ordinarily skilled in the art, such logic devices would include a 
certain amount of delay. However, in order to more clearly illustrate the 
invention, in this example, such logic devices are assumed to have zero delay. 
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[0027] In Figure 2, signals a-c are shown to have different time windows (shaded 
areas) in which signals can be expected to be present. These shaded areas 
represent the time period between the earliest point in time that a signal could 
be expected to arrive from the fan-in circuitry to the latest point in time that a 
signal could be expected to arrive from the fan-in circuitry on a given signal line 
(a-c). The "single window" timing analysis concludes that the logic device 1 00 
could receive a signal that any point in time from the beginning of the earliest 
signal (signal a) to the end of the last signal (signal c). Therefore, a large 
pessimistic shaded switching window is shown for the output signal x of logic 
item 1 00. Similarly, for logic item 101 , the earliest signal could appear on line e 
and the latest could appear on line f and an even larger pessimistic window is 
created for logic item 1 01 on the output line y. Logic item 1 02 similarly looks to 
the large pessimistic windows for logic items 100, 101 . Since the switching 
window for logic item 1 01 (line y) begins before that for logic item 1 00 (line x) 
and ends after that for logic item 1 00, the switching window for the output from 
logic item 1 02 (line z) is identical to that for logic item 1 01 (line y). As shown in 
Figure 2, the switching window in line z overlaps the victim window v during 
which net v is sensitive to adjacent wire switching. Therefore, the single window 
analysis might compute a larger delay for net v, identify a noise problem on net 
v, or identify excessive peak current demand in the region containing nets Z and 
v, and therefore conclude that the circuit needs to be redesigned to avoid 
capacitive coupling that may occur between lines v and z. To the contrary, with 
the invention, multiple switching windows are utilized for the outputs x-z, as 
shown in Figure 3 (discussed in greater detail below) which allows a 
determination that there is not an overlap between the switching window of the 
output of logic device 1 02 (lines z) and victim window of line v. [0027] One way 
to solve the problem shown in Figure 2 (e.g., to reduce the size of the switching 
window in line z) is to perform a path analysis, wherein separate switching 
windows are propagated to a node along each possible path from a primary 
input. However it is well-known that the number of paths through a logic 
network can grow exponentially, leading to an unacceptable number of separate 
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switching windows which must be maintained at each node. Therefore, there is a 
need for an improved method to further refine these switching windows in a way 
which limits the amount of data which must be stored at each node. 

[0028] The invention addresses this need with a basic idea of storing and 

propagating a limited set of sub-switching windows on each node in the 
analysis. Sub-switching windows are merged to control the number of windows 
on each node. An analysis using switching windows can then treat the sub- 
switching windows independently. Since the sum of the generated sub-switching 
windows will, in general, cover less of the clock cycle than the original single 
switching window, the pessimism of these analyses is reduced (as shown in 
Figure 3). 

[0029] For example, when signal lines x-z are compared between Figures 2 and 3 it 
can be seen that such signal lines include multiple windows in Figure 3. 
Therefore, even when the switching windows of the signal lines x and y are 
combined, signal line z still maintains a gap which prevents overlap with the 
victim window line v. Therefore, contrary to the situation shown in Figure 2, the 
invention shown in Figure 3 correctly interprets that there is no overlap between 
any of signals a-f and the victim window v. The single window system in Figure 
2 creates too much pessimism by utilizing an over broad switching window. With 
the system shown in Figure 3, since the switching windows are smaller, they are 
less pessimistic and correctly indicate that no signal will be concurrent with the 
victim signal v. Thus, with the invention, properly functioning circuit designs 
which were previously rejected (because of excessive pessimism in the timing 
analysis) can now be approved because of the decrease in pessimism with the 
invention. 

[0030] In the simplified example of shown in Figure 3, each signal line x-z is 
limited to two sub- windows. This limit can be changed depending upon 
designer requirements. Therefore, in line x, the signal switching windows on 
lines a and b are combined and the signal switching window shown on line c is 
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unmodified. By making this combination, the largest interval is attained between 
the multiple windows on line x, and the sub-windows that are created are the 
smallest possible (given the two-window limit). Similarly, when the windows are 
created in line y, the windows from lines d and e are combined and the window 
from line f is unmodified. 

[003 1 ] In other words, with the invention, when selecting which windows should be 
combined from lines a-c, it is determined that from the end of the window in 
line b to the beginning of the window in line c exist the largest time interval. 
Note that the time interval between the end of the time window in-line a and the 
beginning of the time window in line b is relatively shorter than the largest 
interval between the windows in lines b and c. Therefore, the invention elects to 
combine the windows from lines a and b and to leave the window in line c 
unaltered. This satisfies the circuit designer's limit of two windows (discussed 
above), and also makes these windows as small as possible. As similarly shown 
in lines y and z, the invention finds the largest interval and forms a gap between 
the remaining switching windows in the largest interval. In this way, the 
invention makes the remaining switching windows as small as possible, thereby 
decreasing pessimism. 

[0032] Thus, for any given limitation, the goal of the invention is to create the 

smallest sized sub-windows for the given total sub-window requirements. While 
a two sub-window maximum is shown in the example in Figure 3, as would be 
known by one ordinarily skilled in the art, a larger number of sub-windows 
could easily be used and a two sub-window maximum is only shown for ease of 
illustration. Specifically, for an N-window maximum, the invention would order 
the incoming switching windows and would find and retain the N-1 largest 
intervals between adjacent non-overlapping switching windows. If there are only 
K < N-1 intervals between adjacent incoming switching windows, only K+1 
switching windows would result from the merging process. 
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[0033J The number of windows per node may be determined in different ways. First, 
as shown in the flowchart in Figure 6, the invention performs an initial static 
timing analysis 600 and determines a single initial switching window for each 
node in the manner discussed above with respect to Figure 2, using the early 
mode AT and late mode AT for the node. Then, the invention divides this single 
initial switching window 602. This is preferably performed by fixing the division 
size, in which case the number of divisions per node may vary, but will never 
exceed the cycle time of the circuit (i.e., the cycle time of the clock driving the 
latches within the circuit) divided by the division size. Alternatively, each window 
can be divided into an equal number of divisions, in which case the division size 
for each node may vary. Figure 9 shows an example of this method applied to 
the window for signal x of the circuit shown in Figure 1. The single window for 
x, resulting from the first timing analysis of step 600 in Figure 6 is the same as 
that shown in Figure 2, and covers the entire time from the beginning of the 
switching window for signal a to the end of the switching window for signal c. 
The window division line shows the results of dividing the cycle time of the 
circuit into four equal divisions wO, wl , w2, and w3, as specified in step 602 of 
Figure 6. For example, if the cycle time for the circuit were 1 00 ns and it was 
desirable to limit the analysis to no more than four switching windows per net, 
each division might be 1 00ns / 4, or 25 ns long. 

[0034] Next, in item 604, the invention performs a second static timing analysis 

during which a separate early and late mode ATs are computed for each division 
of the switching window. To do this, the invention determines for each delay 
edge i feeding a timing point (a point for which arrival times are computed) and 
for each sub-switching window j on the edge source, the incoming ATlatejj 
(late mode AT of sub-window j at the source of edge i plus late mode edge delay 
of edge i) and ATearlyjj (early mode AT of sub-window j at the source of edge i 
plus early mode edge delay of edge i). The late mode AT for the timing point for 
a division is then the maximum of ATlatejj over all i and j for which either 
ATlatejj or ATearlyjj occur during the division. Similarly, the early mode AT for 
a division is then the minimum of ATearlyjj over all i and j for which either 
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ATlate jj or ATearlyjj occur during the division. The early and late mode ATs for 
each division then form a separate sub-switching window, with overlapping 
sub-windows for adjacent divisions (or optionally sub-windows for adjacent 
divisions which are separated by some small amount, e.g., less than the slew of 
the signal) being merged. The multiple windows line of Figure 9 shows the 
switching windows for each of the window divisions resulting from the separate 
timing analyses performed according to step 604 of Figure 6. Looking at the 
multiple windows line of Figure 9, it can be seen that only inputs a and b can 
have switching events which could propagate to x during division wO, and thus 
the first window for x, occurring in division wO, bounds the transitions which 
could occur on x during wO due to a and b. No inputs can have switching events 
which could propagate to x during division wl , and therefore no switching 
window is generated for division wl . Only input c can have switching events 
which could propagate to x during division w2, and thus the second of the 
windows for x, occurring in division w2, bounds the transitions which could 
occur on x during w2 due to c. Similarly, only input c can have switching events 
which could propagated to x during division w3, and thus the third window for 
x, occurring in division w3 and immediately adjacent to the window for division 
w2, bounds the transitions which could occur on x during w3 due to c. Because 
the switching windows for signal x for divisions w2 and w3 have no gap between 
them, they may be merged into a single switching window. 

[0035] In Figure 7, an alternative (and preferred) process for determining the set of 
sub-windows for each node is shown. This process is applied to each node in 
the design in a topological sort order, as is done to compute ATs in 
conventional static timing analysis. Methods for ordering nodes in this manner 
are well known to those skilled in the art. In item 700, the invention determines 
some maximum number N of sub-switching windows which will be stored on 
the node, or a maximum merging gap (the maximum separation across which 
adjacent sub-windows for the node will be merged). This maximum value will 
typically be determined through a tradeoff between the run time and memory 
required by the analysis process and the accuracy (lack of pessimism) of the 
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analysis results, and could be a control set by the designer which is applied to 
all nodes in the design. A reasonable upper bound on this value would be the 
cycle time of the circuit divided by twice the typical slew or transition time of 
signals in the circuit, since the additional inter-window gaps introduced by more 
than this number of windows on any signal would be unlikely to be large enough 
to prevent overlap with any potential victim nets. A specific value could also be 
set for a particular node based on the size of its undivided switching window, as 
determined by an optional prior step of static timing analysis. 

[0036] Next, in item 702, the invention performs a static timing analysis during 
which each sub- switching window on an incoming delay edge is propagated 
separately (i.e., a resulting sub- window at the node due to an incoming sub- 
window at the source of an incoming delay edge is determined by adding the 
early mode delay of the delay edge to the early mode AT of the incoming sub- 
window, and adding the late mode delay of the delay edge to the late mode AT 
of the incoming sub-window) to create a set of sub-switching windows for the 
node. Thus, a separate sub-switching window is made for each sub-switching 
window of each incoming delay edge source. These sub-switching windows are 
sorted (e.g., by their beginning point) in step 704, and overlapping sub- 
windows (or optionally sub-windows which are separated by some small 
amount, e.g., less than the slew of the signal, or less than the specified 
maximum merging gap) are merged in step 706. In merging two windows a new 
window is created whose beginning point (early mode AT) is the minimum of the 
beginning points of the windows being merged, and whose end point (late mode 
AT) is the maximum of the end points of the windows being merged. In step 708 
it is determined whether or not the number of sub-windows remaining for the 
node after merging exceeds N. If not, the processing of the node is finished. 
Otherwise, in step 71 0 the pair of adjacent windows separated by the smallest 
gap is merged, reducing the number of switching windows by one. The process 
then returns to step 708 and continues to merge pairs of windows until the 
remaining number of windows equals N. During this repeated process all but the 
largest N-l inter-window intervals will be removed by merging the sub- 
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windows. 

[0037] This merging in step 71 0 can be done incrementally for each successive 
incoming delay edge. In this case the sub-switching windows at a node are 
initially the incoming sub-windows for the first incoming delay edge. The 
incoming sub-windows for the second incoming delay edge are combined with 
these as described above to produce a number of windows less than or equal to 
N, and this continues for each successive incoming delay edge to produce a final 
set of sub-windows for the node. 

[0038] In some types of analysis it is desirable to determine the probability that a 
switching event occurs. Many methods for determining these probabilities use a 
zero delay model, in which only one possible switching event is considered on 
any circuit node within a single clock cycle (i.e., glitching, or multiple switching 
events within a cycle are ignored). By associating probabilities of occurrence 
with each sub-switching window, the present invention can be extended to 
determine the expected number of switching events in any clock cycle. These 
probabilities can be single numbers (in which case "spatial" correlation between 
different signals are ignored), or may be derived from logical functions (e.g., 
represented using binary decision diagrams (BDDs) ) which identify the 
circumstances under which a switching event can occur within a given sub- 
window. The expected number of switching events on a node can then be 
estimated as the sum over all sub-switching windows for the node of the 
probability that a switching event occurs during the sub-window. Recall that 
both the single and partitioned switching windows represent times during which 
a signal could switch, but in any given machine cycle the signal may or may not 
switch during this period. Given the combining function for a node (i.e., the 
logical function of the gate of which the node is an output), the state probability 
(probability of being one) of each input signal to the node' (i.e., the source node 
of each in-edge), and the probability that each input signal to the node is 
switching in each switching sub-window, similar state and switching 
probabilities can be computed for the node. This process can be repeated for 
each node using values computed for the sources of its in-edges, to provide 
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state and switching probabilities for all nodes in the circuit. 

[0039] Figure 1 0 shows a circuit for which switching probabilities are computed in 
switching sub-windows. Gate delays are assumed to be zero for simplicity, each 
signal is allowed a maximum of two switching windows, and there is assumed to 
be no correlation between the primary inputs. The results of the switching 
window probability analysis are shown in figure 1 1 . Because the output of AND 
gate 1000 is one only when both inputs are one, the state probability pIX of X is 
0.3 times 0.5, or 0.1 5. Because the output of OR gate 101 0 is one when either 
input is one, the state probability pi Y of Y is 1 - [ (1 -0.1 5) times (1 -0.6) ], or 
0.66. Two sub-windows are created for signal X. During the first sub-window of 
X, resulting from the switching window of A, the switching probability psXl is 
0.2 (the switching probability psA of A) times 0.5 (the probability pi B that B is a 
one, allowing the switching event from A to propagate), or 0.1 . During the 
second sub-window of X, resulting from the switching window of B, the 
switching probability psX2 is 0.1 (the switching probability psB of B) times 0.3 
(the probability pi A that A is a one, allowing the switching event from B to 
propagate), or 0.03. At Y three sub-windows are initially created. During the 
first initial sub-window of Y, resulting from the first sub-window of X, the 
switching probability psYl i is 0.1 (the switching probability psXl of X) times 0.4 
(the probability (1 -pi C) that C is a zero, allowing the switching event from X to 
propagate), or 0.04. During the second initial sub-window of Y, resulting from 
the second sub-window of X, the switching probability psY2i is 0.03 (the 
switching probability psX2 of X) times 0.4 (the probability (1-plC) that C is a 
zero, allowing the switching event from X to propagate), or 0.01 2. During the 
third sub-window of Y, resulting from the switching window of C, the switching 
probability psY3i is 0.3 (the switching probability psC of C) times 0.85 (the 
probability (1 -pIX) that X is a zero, allowing the switching event from C to 
propagate), or 0.255. Since we are restricted to two sub-windows for Y, the first 
two initial sub-windows, which are separated by the smallest gap, are merged. 
Since these sub-windows did not overlap, the switching probabilities for them 
can be added to form a final switching probability psYl for the merged sub- 
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window of 0.052. The third initial switching window remains unchanged and 
becomes the second final switching window with switching probability psY2 = 
psY3i = 0.255. Had the merged sub-windows overlapped, the switching 
probability would be reduced to account for the fact that only a single switching 
event can occur at a time. The maximum reduction, for two totally overlapping 
sub-windows of short duration switching probabilities psl and ps2, would be 
psl times ps2. Sub-windows with intermediate levels of overlap would have 
lesser reductions in switching probability. 

[0040] An additional method to obtain the sub-windows is referred to herein as 
demand-driven propagation, in which sub-windows are obtained at an 
aggressor node only if there is a need for more accuracy. More specifically, when 
a node is queried for multiple sub-windows, it results in recursive queries for 
sub-windows at each of the inputs feeding the node, and this may be 
unnecessary. The need for more accuracy is established by first performing a 
conventional timing analysis to provide single switching windows for each net in 
the design. More accuracy is required for a net if the victim window of an 
adjacent net (the time of a critical transition on the adjacent net for delay 
calculation, or a time at which the results of an erroneous value on the adjacent 
net may be stored in a memory element for noise analysis) overlaps with the 
single switching window of the net, or if the single switching window of the net 
overlaps a period during which excessive current demand is estimated for power 
bus analysis. 

[0041 ] The sub-windows at the inputs are then used to create sub-windows at the 
node which are then merged using one of the methods described earlier (i.e., 
either with a limit on the number of sub-windows or on the time-interval 
between windows). As in the forward propagation method, the resulting sub- 
windows are preferably stored on the node (at least for the duration of the 
search for sub-windows for a particular aggressor node) so that they do not 
have to be determined again if the node is encountered a second time on some 
other backward search, from the same aggressor node or another. In this way, 
and by limiting the number of sub-windows stored at a node, exponential 
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behavior is avoided. 

[0042] This demand-driven propagation approach can also use an optional level- 
limiting parameter Lthat limits the number of backward levels that can be 
traversed for sub-window splitting. If a node is reached that is more than L 
levels from the aggressor node, only a single switching window (determined in 
the conventional way from the early and late mode arrival times) is used for that 
node. The invention preferably uses a recursive routine to compute switching 
windows, where the level limit is decremented with each level of recursive call. 
The invention terminates the recursion (and returns the simple switching 
windows) when the level limit reaches zero. In this case the number of levels 
searched to determine the sub-windows of a node should be stored along with 
the sub-windows for the node. If the node is encountered again (e.g., on a 
search backward from another aggressor) and the number of levels to search 
exceeds the number of levels used to obtain the present set of switching 
windows on a node, the old switching windows are discarded and new ones are 
found with the new level limit. To avoid unnecessary discarding and 
recomputation of switching windows, it is desirable to visit aggressor nodes in a 
levelized fashion, starting with those closest to the primary inputs. 

[0043] Another variation on the demand-driven approach is to make a first pass 
backward from all aggressors, marking all nodes in their fan-in cones (e.g., by 
setting a bit flag in the data structure representing the node). The forward 
propagation method described above is then applied only to those nodes so 
marked. The marks will then indicate the nodes for which multiple sub-windows 
are to be computed. 

[0044] The forward propagation approach (discussed initially above) has the 

advantage that sub- windows need to be computed only once, and can be used 
for any victim-aggressor pair. The disadvantage is that the limit on the number 
of sub-windows can limit the accuracy. Demand- driven propagation has the 
advantage that it can be invoked only for those aggressors which need sub- 
windows (and hence there can be more sub-windows allowed), but the 
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disadvantage is that a large number of multiple sub-window computations 
might be performed for certain nodes (however, as discussed above, this can be 
controlled with a level limit). 

[0045] In still another variation, instead of computing sub-windows on the 

aggressor independently of the victim as in the demand-driven propagation, a 
process termed backward victim window propagation is used where the 
aggressor node is simply queried for possible overlap with the victim. This query 
also results in queries on the input nodes to the aggressor, but the invention 
propagates the victim window backward, instead of propagating aggressor sub- 
windows forward, and the return value from the query is simply a yes or no 
answer as to whether possible overlap exists, rather than a forward propagated 
switching window. As in the demand-driven method, a level-limit can be 
employed in this approach too, to limit how far back the process goes in making 
these queries. One example of pseudocode for the backward victim window 
propagation approach is given below: 

[0046] bool doesAggressorOverlap (aggressorNode, victimWindow, levelLimit) { if 
(victimWindow does not overlap aggressorNode window) return false; if 
(levelLimit == O ) return true; for each edge e feeding aggressor Node do { if 
(doesAggressorOverlap ( source( e ), victimWindow - delay( e ), levelLimit-1 ) ) 
{ return true; } } return false; } 

[0047] In the pseudocode above, the expression "victimWindow - delay(e)" 

represents the "equivalent" victim window at the input feeding the aggressor. 
The equivalent victim window represents that window with which the switching 
window of the input feeding the aggressor has to overlap, in order to generate a 
switching window at the aggressor that overlaps with the victim. The equivalent 
victim window is obtained by subtracting the minimum delay of the edge from 
the late mode arrival time, and the maximum delay from the early mode arrival 
time. If none of the inputs feeding the aggressor overlap with their 
corresponding equivalent victim window, then there is no overlap. Thus, 
recursion can be limited to only those branches of the fan-in cone from which 
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there is potential overlap. Note that in this case the query result (which is now 
just a yes/no answer) cannot be stored on a node and reused, since the 
equivalent victim window at a node will in general be different for every 
aggressor/victim and for every path from the node to the aggressor. Figures 4 
and 5 illustrate how the equivalent victim window is computed. 

[0048] More specifically, in Figure 4, item 40 represents a logical device having x 
and y inputs and a z output. Once again v represents the victim wire. The victim 
window v(z) might be the time at which a critical transition could be propagating 
along V, or might be a time at which the results of a noise-induced erroneous 
value on v could be stored into a memory element. Unlike Figure 1 , in Figure 4, 
the logic device is provided with a delay (max 4, min 2). In conventional single 
window analysis this delay causes the beginning of the x switching window to be 
shifted 2 time units (from 2 to 4) to form the beginning of the z switching 
window and causes the end of the y switching window to be shifted 4 time units 
(from 1 5 to 1 9) to form the end of the z switching window. In this case the z 
single switching window is overly pessimistic. 

[0049] Overlap checking is performed between the switching window of a net and 

the victim window translated back to the net. This is shown for net x in Figure 5, 
and is similarly performed for the other nets. In this case the victim window v 
overlaps the switching window of the aggressor z (at times 12-1 5), so the 
invention recurses back to inputs x and y, and translates the victim windows v(x) 
and v(y) as shown. The beginning of the victim window v(z), 1 2, has subtracted 
from it the maximum gate delay of 4 to determine the earliest time, 8, at which 
an input on either x or y could cause a transition at z which would overlap the 
victim window v(z), thus determining the beginnings of the translated victim 
windows v(x) and v(y) at nodes x and y, respectively. The end of the victim 
window v(z), 1 5, has subtracted from it the minimum gate delay of 2 to 
determine the latest time, 1 3, at which an input on either x or y could cause a 
transition at z which would overlap the victim window v(z), thus determining the 
ends of the translated victim windows v(x) and v(y) at nodes x and y, 
respectively. 



fdetfCADocuments and SetUngs\Admitvistratar\My Documents\$User\EFS\BUR9200l0044US\ ,xml 



KWWM01 



Page 20 0141 



[0050] The translated victim window v(x) doesn't overlap the switching window of x, 
since the end of switching window x at 6 is less than or equal to the beginning 
of the translated victim window v(x) at 8, so the recursion on this branch 
terminates returning an answer of "no overlap". Similarly, the translated victim 
window v(y) doesn't overlap the switching window of y, since the beginning of 
switching window y at 1 3 is less or equal to the end of the translated victim 
window v(y) at 1 3 f so the recursion on this branch terminates returning an 
answer of "no overlap". Since recursion from z to both inputs returned an 
answer of "no overlap", a final answer of "no overlap" is reported for z with 
respect to v(z). In addition the various features can be combined in many ways. 
For example, an initial forward pass can be used to generate a small number of 
switching windows on each node in the design, and then the backward recursive 
methods (demand-driven or backward victim window propagation) can make 
comparisons against all windows on a node rather than against a single (larger) 
window. A demand-driven method may be used to determine a^small number of 
switching windows on only the nets in the aggressor fan-in cones, and a 
backward victim window propagation can then be used, comparing against the 
computed sub-windows 

[0051 ] Finally, the invention can propagate backward multiple victim windows at a 
time, combining the victim windows in a manner similar to the combining of 
aggressor windows described above. These combined victim windows could be 
used to guide the choice of aggressor windows to propagate forward (i.e., the 
invention would choose to combine aggressor windows in such a way that the 
resulting aggressor windows overlap maximally with the gaps in the victim 
windows, and the gaps in the aggressor windows overlap maximally with the 
victim windows). This backward and forward propagation could be repeated to 
successively refine both aggressor and victim windows, starting either with 
forward switching window propagation or backward combined victim window 
propagation. Any victim window which overlaps only with gaps in switching 
windows can be dropped, as can any switching window which overlaps only with 
gaps in the combined victim windows. 
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[0052] A representative hardware environment for practicing the present invention 
is depicted in Figure. 8, which illustrates a typical hardware configuration of an 
information handling/computer system in accordance with the subject 
invention, having at least one processor or central processing unit (CPU) 80. 
CPUs 80 are interconnected via system bus 82 to random access memory (RAM) 
84, read-only memory (ROM) 86, an input/output (I/O) adapter 88 for 
connecting peripheral devices, such as disk units 81 and tape drives 83, to bus 

82, user interface adapter 89 for connecting keyboard 85, mouse 87, speaker 

83, microphone 804, and/or other user interface devices such as touch screen 
device (not shown) to bus 82, communication adapter 805 for connecting the 
information handling system to a data processing network, and display adapter 
801 for connecting bus 82 to display device 802. A program storage device 
readable by the disk or tape units, is used to load the instructions which operate 
on a timing relationship which is loaded also loaded onto the computer system. 

[0053] Through the above means, the invention provides improved switching 
windows for nets in a circuit which can be used in delay calculation, noise 
analysis, power bus analysis, and other applications, and which cover a smaller 
portion of the machine cycle and are thus less pessimistic than conventional 
single window analysis in that they identify a smaller cumulative period of time 
during which a net could be switching. At the same time, the invention provides 
means to control the runtime and memory required to compute these improved 
switching windows. These improved switching windows in turn allow less 
pessimistic analysis of the timing of the circuit, the noise impacts of coupling, 
and the peak current demand required by the circuit. This allows designers to 
accept designs which would otherwise be rejected as not meeting requirements, 
and allows circuit requirements to be met with less overdesign in the form of 
logic restructuring, wire spacing, increased gate sizes, and other means, hence 
providing a working circuit at less expense. 
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[0054] While the invention has been described in terms of preferred embodiments, 
those skilled in the art will recognize that the invention can be practiced with 
modification within the spirit and scope of the appended claims. 
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